We calculate the electric dipole moment (EDM) of the deuteron in the standard model with |∆S| = 1 interactions by taking into account the N N − ΛN − ΣN channel coupling, which is an important nuclear level systematics. The two-body problem is solved with the Gaussian Expansion Method using the realistic Argonne v18 nuclear force and the Y N potential which can reproduce the binding energies of 3 Λ H, 3 Λ He, and 4 Λ He. The |∆S| = 1 interbaryon potential is modeled by the one-meson exchange process. It is found that the deuteron EDM is modified by less than 10%, and the main contribution to this deviation is due to the polarization of the hyperon-nucleon channels. The effect of the Y N interaction is small, and treating ΛN and ΣN channels as free is a good approximation for the EDM of the deuteron.
I. INTRODUCTION
From recent observations, 5% of the energy of our Universe is composed of baryonic matter [1] . To generate the baryon number asymmetry, CP violation is required, according to Sakharov's criteria [2] . In the standard model (SM) of particle physics, however, the baryon-tophoton ratio generated by the CP phase of the CabibboKobayashi-Maskawa (CKM) matrix [3] is only 1 : 10
20
[4], being in significant deficit compared with the observed data 1 : 10 10 [1] . We therefore need to extend the SM with a new theory containing additional source(s) of larger CP violation.
A promising experimental approach to search for CP violation is the measurement of the electric dipole moment (EDM) [5] [6] [7] [8] [9] . The EDM is an observable very sensitive to the CP violation. Its first advantage is its accurate measurability in experiments. The second one is that its measurement costs much less than accelerator experiments. The third strong point is the variety of the systems for which the EDM can be measured. Currently, the experimental studies of the EDMs of the neutron [10] , atoms [11] [12] [13] [14] [15] [16] , molecules [17, 18] and muon [19] have been performed, and many future projects are also developed.
Among the systems where the EDM can be measured, the nuclear EDM is of particular interest [9, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Recently, the measurement of the EDM of light nuclei using storage rings is planned, and an impressive sensitivity of O(10 −29 )e cm is estimated [27] [28] [29] [30] . The nuclear EDM also has advantages of its own. First, the nuclear EDM does not suffer from Schiff's screening [31] , since we have no electrons to screen the charged ions. It may also enhance the nucleon level CP violating effect due to the many-body effect [32, 51] . Owing to these arguments, the nuclear EDM is a very attractive probe of the CP violation of strong interacting sector, and theoretical investigations [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] were extensively done so far. * nodoka.yamanaka@riken.jp
What about the SM contribution? In the SM, the CP phase of the CKM matrix contributes to the EDM [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] . This is an important background in the search for new physics. It was long thought that the EDM in the SM is small. In a recent work, it was shown that the EDM of light nuclei generated by the |∆S| = 1 long distance effect of the SM may contribute at the level of O(10 −31 )e cm [62] . This value is below the prospective experimental sensitivity, but it is not sizably smaller than it. If the SM contribution is enhanced in nuclei, the EDM may also become a good probe of CKM unitarity. It is therefore of importance to study its precise value and the systematics.
In previous studies [51, 57, 62] , the P, CP-odd N N interaction was given as a combination of the ∆S = +1 and ∆S = −1 hadron level interactions, respecting the Jarlskog combination [63] , and the free hyperon of the intermediate state was integrated out. The dynamical effect of the strange intermediate states was actually neglected. As the |∆S| = 1 transitions are weak processes, the strong dynamics of the intermediate nuclear states with hyperons may potentially be important, and there are no firm reasons to neglect it. As this effect constitutes an important nuclear level systematics in the evaluation of the nuclear EDM, we have to discuss it in detail. For this purpose, we first investigate the dynamical effect of the strange intermediate state on the deuteron, the simplest nuclear system. The dynamical effect of the strange intermediate state is described in the hypernuclear physics. The interaction between nucleons and hyperons (Y N interaction) was extensively discussed in the past using hypernuclei [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] . This problem can be solved using the Gaussian Expansion Method [74] , which was used to describe many systems [75] [76] [77] .
This paper is organized as follows. In the next section, we first briefly review our calculational method, the Gaussian Expansion Method, and present the interactions adopted in this discussion. The derivation of the |∆S| = 1 weak interaction is presented in detail, with the tree level couplings borrowed from the previous work.
We then define in Section III the EDM. In Section IV, the results of the evaluation of the EDM of the deuteron in the SM are presented, and we analyze them in detail. We finally summarize our discussion.
II. METHOD AND INTERACTION

A. Gaussian Expansion Method
To solve the Schrödinger equation of the deuteron, we use the Gaussian Expansion Method [74] . The Gaussian Expansion Method can solve the nonrelativistic Schrödinger equation
by diagonalizing the hamiltonian H expressed in the Gaussian basis. The deuteron wave function is given as
where A is the antisymmetrization operator. The coordinate r ≡ r 1 − r 2 is the relative coordinate between the two baryons. For the deuteron, one relative coordinate is needed to express its wave function. The wave function is given as a superposition of Gaussian base functions
with N nl the normalization constant. The Gaussian range parameters are given in a geometric progression r n = r 1 a n−1
The hamiltonian of the deuteron is given by
with the kinetic energy T , the nuclear force V N N , the hyperon-nucleon potential V Y N , the strangeness violating weak one-body transition T (|∆S|=1) a
, and the P-odd meson exchange strangeness violating two-body potential H 
B. N N and Y N interactions
In our calculation, we adopt the Argonne v18 potential [79] as the N N interaction. Our calculation using the Gaussian Expansion Method yields the deuteron binding energy 2.224536 MeV, which reproduces the original result of Ref. [79] by 5 digits.
For the Y N potential of the even parity states, we use the interaction of Ref. [73] . This potential was determined so as to simulate the scattering phase shifts given by the Y N interaction NSC97f [80] , and reproduces the binding energies of 
C. Quark level weak effective hamiltonian
After the integration of the W boson, the |∆S| = 1 effective hamiltonian of SM is given by
with V′ the CKM matrix elements and G F = 1.16637 × 10 −5 GeV −2 the Fermi constant [78] . Here the ∆S = −1 four-quark operators Q i (i = 1 ∼ 6) are given in the following basis [81] 
where α and β are the color indices of the quarks.
Here it is convenient to Fierz transform the operators Q 5 and Q 6 :
where t a is the generator of the color SU (3) c group. The operators Q 5 and Q 6 are often called QCD penguin operators. The Wilson coefficients are evolved down to the hadronic scale according to the renormalization group equation at the next-to-next leading logarithmic order [62, 81] . Near the hadronic scale µ =1 GeV, the effective hamiltonian can be expressed as
. After renormalization, the Wilson coefficients y i and z i (i = 1 ∼ 6) at the hadronic scale µ = 1 GeV are given by
and
D. Hyperon-nucleon transition
The weak one-body hyperon-nucleon transition relevant in this work is given by
Here the hyperon and nucleon creation/annihilation operators
were explicitly written. The hyperon-nucleon transition contributing to the nuclear EDM receives the dominant contribution from the |∆S| = 1 four-quark operators Q 1 [Eq. (7)] and Q 2 [Eq. (8)], with the strangeness violation by the CKM matrix elements V us V * ud . The calculation of the coupling constants a pΣ + , a nΣ 0 , and a pΛ requires the evaluations of the renormalization group evolution of the Wilson coefficients of the |∆S| = 1 four-quark operators and the |∆S| = 1 baryon matrix elements. We use the result of the renormalization group at the next-to-leading logarithmic approximation to obtain the Wilson coefficients [62, 81] . For the baryon matrix elements, we use the result of the calculation in the nonrelativistic quark model [82] . The detailed expressions of the couplings are given in Appendix A.
E. |∆S| = 1 P-odd interbaryon force
We now construct the |∆S| = 1 P-odd interbaryon force by assuming the one-meson (pion, kaon, and eta meson) exchange. It is given by combining the |∆S| = 1 Podd meson-baryon interaction with the standard mesonbaryon interaction of the chiral SU (3) lagrangian. The |∆S| = 1 P-odd meson-baryon interaction is calculated with the use of the vacuum saturation approximation [83] [84] [85] [86] [87] 
where the matrix element of the baryons B, B ′′ and that of the meson φ can be factorized. The |∆S| = 1 P-odd meson-baryon interaction then receives contribution only from the penguin operators (11) and (12) [62] . The detail of the estimation of the couplings using factorization is given in Appendix C.
Terms contributing to the deuteron EDM are given by [88] 
where σ i denotes the spin matrix. The indices 1 and 2 of each operator label the baryon with positive charge and the neutral baryon, respectively. In this work, we only consider the charge neutral meson exchange interactions, since the charged meson exchange requires the isospin breaking which is a small effect. The kaon exchange terms have a dependence on the reduced masses µ N Λ ≡ mN mΛ mN +mΛ and µ N Σ ≡ mN mΣ mN +mΣ . The nonlocal terms relevant in the kaon exchange interaction were neglected. For the derivation of the |∆S| = 1 P-odd interbaryon force in the one-meson exchange model, see Appendix B. All terms in the above equation involve the derivative of the Yukawa function ∇Y X (r) which can be rewritten as
wherer is the unit vector pointing from the baryon 1 to the baryon 2. The P-even meson-baryon couplings are given as g πN N = gAmN fπ
(F − D) ≈ −6.0. The last two couplings were derived from the on-shell approximation of the leading terms of the chiral lagrangian [90] [91] [92] [93] .
In the context of the deuteron EDM, the |∆S| = 1 meson-baryon interaction mainly receives contribution from the Penguin process, involving the CKM matrix elements V td V * ts . It is important to note that the combination of these CKM matrix elements with those of the one-body hyperon-nucleon transition seen previously makes the Jarlskog invariant [63] , the leading CP violating constant in the SM. The meson-baryon matrix elements were calculated in the factorization approach, where the vacuum saturation approximation [88, [93] [94] [95] [96] was applied to the meson-baryon matrix elements of the |∆S| = 1 four-quark operator [62] . The renormalization group evolution of the Wilson coefficients were calculated in the next-to-leading logarithmic approximation [62, 81] . The derivation of the P-odd coupling constants are given in Appendix C. We have to note that this step involves the largest theoretical uncertainty of this work.
Here we must note that the |∆S| = 1 P-odd mesonbaryon interactions generated by V us V * ud , together with the hyperon-nucleon transition generated by V td V * ts , have smaller effects. This is because the contribution of V td V * ts to the hyperon-nucleon transition is subleading, due to the small Wilson coefficients of penguin operators [81] , and also because the tree level W boson exchange diagram with V us V * ud does not contribute to the |∆S| = 1 P-odd meson-baryon interaction in the factorization approach. The contributions of V us V * ud and V td V * ts to the effective hadron level interactions are therefore distinct, and no double counting occurs [62] .
III. THE ELECTRIC DIPOLE MOMENT
In the SM, the nuclear EDM has two leading sources. The first one is the intrinsic nucleon EDM, which has been evaluated in many previous works [32, 39, [41] [42] [43] . The nucleon EDM in the SM is estimated to be around O(10 −32 )e cm for the long distance contribution [61] . The deuteron EDM is related to the nucleon EDM by [32, 43] 
The coefficient was given by the calculation using the Argonne v18 potential [79] . This suppression of the nucleon EDM effect is due to the d-wave component of the deuteron. The nucleon EDM contribution to the deuteron EDM is not enhanced since the deuteron is a nonrelativistic system [97] . Recently, additional suppression due to the polarization of the nuclear system by the neutron EDM was also pointed [98] . The short distance contributions are composed of the single quark EDM, the chromo-EDM [58] , the Weinberg operator [59, 99] , and the loop-less dimension-six operator process [60] . The single quark EDM/chromo-EDM contribution is known to be small, of order 10 −35 e cm. Moreover, the renormalization group evolution [100] [101] [102] and the nucleon tensor charge [103] [104] [105] [106] [107] [108] [109] , the coefficient relating the quark EDM to the nucleon EDM, bring additional suppressions. The effect of the Weinberg operator on the nucleon EDM is known to be even smaller, of order 10
−40 e cm [59, 110] . These contributions can therefore be neglected. The loop-less dimension-six operator effect was estimated to be O(10 −31 )e cm, but this value should be viewed as an upper limit, since the gluon dressing effect may reduce the polarization of the nucleon [108, 111] . For those reasons, we do not consider the effect of the nucleon EDM further.
We now point to the second contribution, the polarization of the nuclear system by the P, CP-odd two-body interaction (P, CP-odd nuclear force). The effect of nuclear polarization is the main target of our discussion, since the dynamical effect of hypernuclei enters in the evaluation of the deuteron EDM through the |∆S| = 1 weak interaction. The polarization contribution of the P, CP-odd nuclear force to the deuteron EDM is given by
where |d is the polarized (in the z-axis) deuteron wave function, and eQ i is the charge of the i'th particle. The zcomponent of the coordinate of the constituent nucleon in the nuclear center of mass frame is denoted by r iz . This permanent polarization effect is realized through the mixing of opposite parity states. In a previous work, we have calculated the SM contribution to the nuclear EDM by deriving the P, CP-odd nuclear force made of the combination of the |∆S| = 1 interbaryon interaction with one light meson exchange and the one-body hyperon-nucleon transition (see Fig.  1 ) [62] . This procedure assumes that the hyperon created by the |∆S| = 1 interbaryon interaction is immediately annihilated by the hyperon-nucleon transition (or vice versa), and neglects the dynamical effect of the interaction between the intermediate hyperon and other nucleons, as well as the polarization of the intermediate hypernuclear state. As the weak interacting process does not occur often, the hyperon "survives for a very long off-shell time" in the nucleus, and this effect should not be neglected. This contribution is described by the mixing of an ordinary nucleus with the hypernucleus, with the N N − ΛN − ΣN coupled channels (see Fig. 2 ). In this work, we calculate the deuteron EDM in the SM by taking into account the N N −ΛN −ΣN channel coupling. 
IV. RESULT AND ANALYSIS
From our calculation, the resulting EDM of the deuteron is
The detailed breakdown is shown in Table I . We see that the pion exchange contribution is dominant. By comparing the result of this work (fifth column of Table I ) with that of the previous work (second column of Table I ), a deviation less than 10% can be observed. This shift is mainly due to the additional effect from the polarization of the intermediate hypernuclear states [see Fig. 3 (a) ].
We also see that for the pion exchange, the contribution from the free Y N intermediate state without taking into account the Y N polarization (third column of Table I) agrees with the result of the previous work [62] within 2%. This means that this nonrelativistic coupled channel analysis agrees with the P, CP-odd nuclear force with integrated out hyperons, used in the previous work [62] . As this approximation is using the on-shell Dirac equation of the nucleon to integrate out the intermediate hyperon, this slight discrepancy can be thought as the relativistic effect of the hyperon-nucleon transition. For the pion exchange, the relativistic effect is therefore small.
Another important feature is that the dynamical effect from the hyperon-nucleon potential is subleading, with the effect of ΛN interactions slightly larger than that of ΣN interactions (see Table I ). This means that, at least for the deuteron, the hyperon and the nucleon of the S = −1 intermediate state can be considered as free.
The contribution from eta and kaon exchange weak interactions are subdominant in the deuteron EDM, less than 10% of the total deuteron EDM. Although being subleading, the analysis of heavier meson exchange brings us important knowledge on the relativistic effect. By comparing with the previous work, we see here deviations by about 20% for the eta exchange effect, and about 10% for the kaon one. In particular, we observe that the contribution from the free Y N intermediate state without taking into account the Y N polarization (third column of Table I ) is significantly shifted from that of the previous work (second column of Table I ). We interpret this difference as the relativistic effect, which should be more important for the eta and kaon exchange processes than that with pions.
Here we should explain in detail the relativistic effect relevant in the hyperon-nucleon transition. In the previous work [62] , the intermediate state with a hyperon has been integrated out by using the on-shell Dirac equation. In this work, however, we take into account the intermediate states with hyperons, and to do so we used the nonrelativistic Schrödinger equation with coupled channels. We must then use the nonrelativistic hyperon-nucleon transition matrix elements, so our current calculation does not include the nonrelativistic effect. The difference between the current results and the previous one is therefore a probe of nonrelativistic effect of the hyperonnucleon transition. The result is consistent with this interpretation, since the current result and that of the previous work have larger discrepancy when the mass of the exchanged meson increases (the increase of the meson mass means that the momentum transfer becomes larger for observables which are generated by this meson exchange process).
For the kaon exchange contribution, we additionally have theoretical uncertainty due to the neglect of nonlocal interactions (see Appendix B). This uncertainty is at the level of O(|m Y − m N |/m N ). The kaon exchange effect is less deviated than that of the eta meson exchange in comparing the hyperon integration (result of previous work) and this nonrelativistic coupled channel analysis. This difference is because the kaon is lighter than the eta meson so that the relativistic effect is less important. The shift due to the relativistic effect as well as the uncertainty due to the omission of nonlocal interactions are difficult systematics to control in the framework used in this work. The systematics for the kaon and eta exchange processes is fortunately comparable to the error bar of the relativistic effect of pion exchange contribution. We can thus conclude that the relativistic correction is of order of few percents. We can also expect that the shift for the 3 He or 3 H EDMs is of the same order, since the kinetic energy of the nucleon inside those systems are comparable to that for the deuteron and the relativistic corrections are consequently of the same order.
We must also note that there is an uncertainty in the realistic nuclear potential at the short distance. The results of the calculations of the EDMs of the deuteron, 3 He and 3 H within several realistic nuclear forces are in good agreement for the pion exchange P, CP-odd N N interaction. However, the contributions from the P, CPodd N N interaction with the exchange of heavier mesons show discrepancies depending on the realistic nuclear force chosen [34, 41] . We therefore have additional theoretical uncertainty for the deuteron EDM generated by the kaon and eta meson exchanges.
The most important modification due to the consideration of the coupled N N −ΛN −ΣN channels is therefore Fig. 3 (a) ]. We have been possible to determine a so far unknown nuclear level source of systematics, and confirm that it does not change the order of magnitude of the deuteron EDM. All those examinations and statements have to be confirmed in future works for 3 He and 3 H, which should present similar physics.
What about p-shell nuclei and beyond? For those systems, we must note that the Pauli exclusion principle is important. On the other hand, the EDM of 13 C was studied in a recent work from the point-of-view of the nuclear structure, and it was found that the change of the nuclear structure significantly suppresses the EDM [45] . For heavier nuclei with the relevant Pauli exclusion effect, their corresponding hypernuclei have significantly different structures [64] [65] [66] [112] [113] [114] [115] [116] [117] [118] [119] , so that their EDM may be suppressed. The EDMs of 6 Li and 9 Be in the SM may be a good target to unveil the modification due to Pauli exclusion effect.
Let us now estimate the theoretical uncertainty of this calculation. The largest systematics is due to the |∆S| = 1 P-odd interbaryon potential. In our work, we have modeled the N N → Y N interaction by the one meson exchange effect, with the |∆S| = 1 interactions calculated using the vacuum saturation approximation. The glunoic correction to the CP-odd meson-baryon interaction generated by a CP-odd four-quark interaction is typically O(100%) in the large N c analysis [120] [121] [122] . In the case of |∆S| = 1 processes, however, we have a strange quark which forbids the exchange of quarks between mesons and baryons, reducing higher order gluonic corrections. Moreover, the |∆S| = 1 four-quark interaction relevant in our discussion does not involve up-quarks, so that the possibility to draw gluon exchange diagrams with nucleons are additionally suppressed. We therefore estimate the theoretical uncertainty due to the factorization to be 2/N c ∼ 67%.
An additional important source of theoretical uncertainty is due to higher order terms of SU (3) chiral perturbation theory, which bring O(m
2 ) ∼ 25% (Λ ∼ 1 GeV) to the |∆S| = 1 interbaryon force. We also consider the QCD level uncertainty, originating from the renormalization group evolution, quark masses, etc. As all QCD level quantities have been renormalized in We have corrected the previous calculation by changing the sign of the isovector eta exchange P, CP-odd nuclear couplingḠ
and that of the isovector kaon exchange P, CP-odd nuclear couplingḠ (1) K , which were wrong in Ref. [62] . The value adopted for the CP-even pion-nucleon coupling is g πNN = 12.9.
the next-to-leading logarithmic order [81] , it is adequate to estimate the error bar by α 2 s (µ = 1 GeV) ∼ 0.2. We also include the uncertainty due to the intrinsic nucleon EDM [see Eq. (22)]. Here we consider that the nucleon EDM has null central value, and adopt the uncertainty δd
−31 e cm, suggested by previous studies [60, 61] . To sum up, the total error bar is estimated as
This gives the final result
There are currently no accurate data to determine the |∆S| = 1 P-odd meson-baryon vertex. However, we have to note that the error bar due to the hadron physics is independent of the nuclear level calculation of this work. The theoretical uncertainty due to the |∆S| = 1 Podd meson-baryon matrix elements is due to the hadron physics, but the deviation of the EDM of the deuteron due to the consideration of N N − Y N coupled channels is a nuclear level phenomenon. Those two effects are well separated in energy scale, so the enhancement of 10% of the deuteron EDM is not affected by the theoretical uncertainty of the |∆S| = 1 P-odd meson-baryon interaction, which is just a constant in our work. This determination of the nuclear level systematic error is important in the analysis of the deuteron EDM.
As ways to improve the Y N − N N coupling potential, we have the phenomenological derivation of the low energy constants of the nonleptonic weak decay of hypernuclei [123] [124] [125] [126] [127] [128] [129] . The determination of the low energy constants (|∆S| = 1 meson-baryon couplings) for |∆S| = 1 four-quark operators in the effective field theory may improve the |∆S| = 1 P-odd interbaryon potential. The ultimate theoretical approach to determine them is the lattice QCD simulation. There it is now possible to extract the nuclear potentials from first principle [130, 131] . If this technique is applicable to the |∆S| = 1 P-odd interbaryon interaction, significant progress is expected in the evaluation of the nuclear EDM in the SM.
V. SUMMARY
In this paper we have calculated the EDM of the deuteron in the SM by considering the N N − ΛN − ΣN channel coupling with the Gaussian Expansion Method. The |∆S| = 1 P-odd meson-baryon interaction has been calculated in the factorization approach. We have found that the polarization effect in Y N channels modifies by less than 10% the total deuteron EDM. The modification due to the Y N interaction is found to be subleading. The deuteron EDM in SM is below the experimental sensitivity of the planned experiment using storage rings (∼ 10 −29 e cm). This analysis was important in the determination of the nuclear level systematics of the SM contribution to the deuteron EDM.
We expect that similar analyses can be performed for other light nuclei, such as the 3 He, 3 H, 6 Li, 9 Be, etc. For heavier nuclei, the Pauli exclusion principle becomes relevant, so that the modification due to the transition of a nucleon to a hyperon could potentially be important. The study of the SM contribution to the nuclear EDM therefore becomes strongly dependent on the physics of the structure of hypernuclei.
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Note that the phase was fixed so as to obtain real couplings. The operator Q N R 2 is the nonrelativistic reduction of the four-quark operator Q 2 ≡sγ
The hyperon-nucleon transition matrix elements are given by [82] 
For the baryon scalar density matrices, we have adopted
where the renormalization scale is 1 GeV. The strange quark mass m s = 120 MeV was obtained through the two-loop level renormalization group evolution. The chiral condensates renormalized at the same scale are
The Wilson coefficients z 1 and z 2 , y 5 , and y 6 are renormalized at µ = 1 GeV. After the renormalization group evolution in the next-to-leading logarithmic approximation [62, 81] , we obtain
Appendix B: |∆S| = 1 P-odd baryon-baryon interaction
The one-(pseudoscalar)meson exchange P-odd interbaryon interaction is made by combining the standard P-even meson-baryon interaction
and the P-odd meson-baryon interaction.
The one-meson exchange process is depicted in Fig. 4 .
Diagrammatic representation of the one-meson exchange P-odd interbaryon interaction. The grey blob denotes the P-odd meson-nucleon interaction.
The effective lagrangian of the one-meson exchange Podd baryon-baryon interaction can be written as
where m X is mass of the meson X. The corresponding hamiltonian in the nonrelativistic limit is
where p and p ′ are the momenta carried by the baryon B 1 and B ′ 1 , respectively (see Fig. 4 for the definition). The nonrelativistic spinor of the baryon B is denoted by χ B .
The dependence of the above equation on the momenta carried by B 1 and B ′ 1 will in the generic case bring a nonlocal term:
where µ 1 ≡ , so we neglect it in this work, and we keep only the term depending on the momentum exchange.
The dependence of the hamiltonian on the exchanged momentum q ≡ p ′ − p can be Fourier transformed as follows: 
where r ≡ r 1 − r 2 with r 1 and r 2 the coordinates of the baryons B 1 (or B ′ 1 ) and B 2 (or B ′ 2 ), respectively, and ∇ is the derivative with respect to r.
The hamiltonian of the one-meson exchange P-odd interbaryon interaction expressed in the coordinate space is then
where σ 1 is the spin matrix acting on the baryon B 1 .
Appendix C: Direct contribution to the |∆S| = 1 P-odd meson-baryon interaction
The |∆S| = 1 P-odd meson-baryon couplings used in this work are obtained by using the vacuum saturation approximation [94] to the meson-baryon matrix elements with |∆S| = 1 four-quark operators. They are given bȳ
g ηΛn ≈ G y η|sγ 5 s −dγ 5 d|0 Λ|sd|n ,
ḡK
where G y ≡ [63, 78] . Using the partially conserved axial current formula, the pseudoscalar meson matrix elements are expressed as
where the decay constants are given by f π = 93 MeV, f K = 1.198f π , and f η ≈ f η8 = 1.2f π [78] . The chiral condensates are given in Eq. (A10). For the baryon scalar matrix elements, we use those of Eqs. (A7), (A8), (A9), and the following nucleon matrix elements:
renormalized at the scale µ = 1 GeV. The above matrix elements were obtained by equating the phenomenological value of the pion-nucleon sigma term [103, 104, [132] [133] [134] [135] [136] [137] [138] 
and the isovector nucleon scalar matrix element [139] [140] [141] [142] p|ūu −dd|p = m
with m
n and m
p the proton and neutron masses without electromagnetic contribution [143] . The light quark masses m u = 2.9 MeV and m d = 6.0 MeV, at the renormalization scale µ = 1 GeV, were obtained through the two-loop level renormalization group evolution.
